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Severe acute respiratory syndrome coronavirus (SARS-CoV) was identified to be the causative agent of SARS 
with atypical pneumonia. Angiotensin-converting enzyme 2 (ACE2) is the major receptor for SARS-CoV. It is 
not clear whether ACE2 conveys signals from the cell surface to the nucleus and regulates expression of cellular 
genes upon SARS-CoV infection. To understand the pathogenesis of SARS-CoV, human type II pneumocyte 
(A549) cells were incubated with the viral spike protein or with SARS-CoV virus-like particles containing the 
viral spike protein to examine cytokine modulation in lung cells. Results from oligonucleotide-based microar- 
ray, real-time PCR, and enzyme-linked immunosorbent assays indicated an upregulation of the fibrosis- 
associated chemokine (C-C motif) ligand 2 (CCL2) by the viral spike protein and the virus-like particles. The 
upregulation of CCL2 by SARS-CoV spike protein was mainly mediated by extracellular signal-regulated 
kinase 1 and 2 (ERK1/2) and AP-1 but not the IxBa—-NF-«B signaling pathway. In addition, Ras and Raf 
upstream of the ERK1/2 signaling pathway were involved in the upregulation of CCL2. Furthermore, ACE2 
receptor was activated by casein kinase II-mediated phosphorylation in cells pretreated with the virus-like 
particles containing spike protein. These results indicate that SARS-CoV spike protein triggers ACE2 signaling 


and activates fibrosis-associated CCL2 expression through the Ras-ERK-AP-1 pathway. 


Severe acute respiratory syndrome (SARS) is an atypical 
pneumonia that occurred in several countries during late 
2002 and the first half of 2003. A novel coronavirus, SARS- 
coronavirus (SARS-CoV), isolated from SARS patients was 
identified to be the causative agent of SARS. SARS-CoV 
infected more than 8,000 people, with a worldwide mortality 
rate of 9.6% (8, 20). The virus contains a positive-sense 
single-stranded RNA genome of approximately 30,000 nu- 
cleotides. Four major structural proteins including spike (S), 
membrane (M), envelope (E), and nucleocapsid (N) make 
up the SARS-CoV particles (31, 36). Angiotensin (Ang)- 
converting enzyme 2 (ACE2) and CD209L (L-SIGN) have 
been identified to be the receptors for SARS-CoV (15, 27). 
SARS-CoV spike protein induced ACE2-mediated interleu- 
kin-8 (IL-8) release from lung cells via activation of activa- 
tion protein 1 (AP-1) (4). Nevertheless, involvement of 
ACE2 in virus pathogenesis is not fully understood. 

Dysregulation of inflammatory cytokines and adhesion mol- 
ecules may be involved in lung injury that causes acute respi- 
ratory distress syndrome. High levels of proinflammatory cy- 
tokines such as interleukin-6, transforming growth factor B 
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(TGF-8), and tumor necrosis factor alpha (TNF-a) were de- 
tected in the sera and ACE2™ cells of SARS patients (12, 45). 
Elevated levels of cytokines, including alpha interferon (IFN- 
a), IFN-8, IFN-y, CCL3, CCL5, and CXCL10, were also de- 
tected in SARS-CoV-infected macrophages, dendritic cells, 
and a colon carcinoma cell line (1, 5, 25). It is possible that the 
high fatality rate of SARS results from a severe immune re- 
sponse caused by cytokines and chemokines. 

CCL2 [chemokine (C-C motif) ligand 2; monocyte chemoat- 
tractant protein-1, (MCP-1)] is a CC chemokine that attracts 
monocytes, memory T lymphocytes, and basophils. CCL2 and 
its receptor CCR2 are involved in inflammatory reactions, in- 
cluding monocyte/macrophage migration, Th2 cell polariza- 
tion, and the production of TGF-f and procollagen in fibro- 
blast cells (9, 10). CCL2 is thus associated with several lung 
inflammatory disorders including acute respiratory distress 
syndrome, asthma, and pulmonary fibrosis (35). These inflam- 
matory disorders and pulmonary infiltration are known to ac- 
count for the progressive respiratory failure and death of 
SARS patients. In addition, upregulation of CCL2 was de- 
tected in the sera of SARS patients and the supernatant of a 
SARS-CoV-infected culture system (5, 16). However, mecha- 
nisms by which SARS-CoV is involved in the upregulation of 
CCL2 are not known. 

In this study, we have taken a step forward in understanding 
the pathogenesis of SARS-CoV by examining SARS-CoV-me- 
diated cytokine modulation in human type IT pneumocyte 
(A549) cells and monkey kidney Vero E6 cells. Both pretreat- 
ment of A549 cells with SARS-CoV virus-like particles (VLPs) 
and preincubation of the cells with the viral spike protein 
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upregulate the expression of fibrosis-associated CCL2. SARS- 
CoV may interact with ACE2 receptor and activate casein 
kinase II-mediated ACE2 phosphorylation, which is critical for 
SARS-CoV-induced CCL2 upregulation. In addition, Ras, 
Raf, MEK, extracellular signal-regulated kinase 1 and 2 
(ERK1/2), and AP-1 are directly involved in SARS-CoV-in- 
duced CCL2 upregulation. These data suggest that the intra- 
cellular ACE2 signaling pathway in the pneumocytes of SARS- 
CoV-infected patients confers risks of lung fibrosis leading to 
respiratory failure. 


MATERIALS AND METHODS 


Cell lines. Human alveolar basal epithelial cells (A549; type II pneumocytes) 
and African green monkey kidney cells (Vero E6) were maintained at 37°C with 
5% CO z in RPMI 1640 medium (Gibco) and Dulbecco’s modified Eagle’s me- 
dium (Gibco), respectively, supplemented with 10% heat-inactivated fetal bovine 
serum, 100 U/ml penicillin, and 100 jg/ml streptomycin. Sf9 (Spodoptera frugi- 
perda) insect cells were maintained at 27°C in serum-free Sf-900 II SFM medium 
(Gibco). 

Plasmids. (i) pGLM-PRM, pGLM-PRM-mT1, pGLM-PRM-mTI1T2, and 
pGLM-PRM-mkB. pGLM-PRM (kindly provided by T. Yoshimura, Laboratory 
of Immunobiology, National Cancer Institute, Frederick, MD) represents a fire- 
fly luciferase reporter plasmid containing the proximal regulatory region of 
CCL2 promoter from —107 to +60 (41). pGLM-PRM-mT1 represents a deriv- 
ative of pGLM-PRM in which the AP-1 binding site from —97 to —91 (—97/—91) 
was mutated. For generation of the plasmid pGLM-PRM-mT1, DNA fragment 
PRM-mT1 amplified from pGLM-PRM with the primer set X107mT1 and 
H60CCL2 (see Table S1 at http://homepage.ntu.edu.tw/~f90442001) was di- 
gested with XhoI and HindIII and subcloned into the XholI-HindIII sites of 
pGLM-PRM. Plasmid pGLM-PRM-mTI1T2 bears mutations at both AP-1 bind- 
ing sites (—97/—91 and —69/—63) and was derived from plasmid pGLM-PRM- 
mT1 by site-directed mutagenesis with the primer set mT2CCL2F and 
mT2CCL2R (see Table S1 at http://homepage.ntu.edu.tw/~f90442001). Plasmid 
pGLM-PRM-mxB, in which the NF-«B binding site in the CCL2 promoter from 
—89 to —80 was mutated, was generated from the wild-type plasmid pGLM- 
PRM by site-directed mutagenesis with the primer set mkBCCL2F and 
mk«BCCL2R (see Table S1 at http://homepage.ntu.edu.tw/~f90442001). Site- 
directed mutagenesis was performed with a QuikChange II XL site-directed 
mutagenesis kit followed the protocol provided by the manufacturer (Strat- 
agene). 

(ii) Plasmid pNF«B-Luc. Reporter plasmid pNF«B-Luc consists of tandem 
repeats of the NF-«B binding site and was kindly provided by Zee-Fen Chang 
(National Taiwan University College of Medicine, Taipei, Taiwan). 

Generation of recombinant baculoviruses expressing SARS-CoV viral pro- 
teins. To generate recombinant baculoviruses expressing SARS-CoV proteins S 
and E, BaculoDirect Linear DNA was cotransfected into Sf9 cells with plasmids 
pENTR-S and pENTR-E encoding the C-terminal V5- and His-tagged full- 
length SARS-CoV S and E protein (TW1 strain; GenBank accession number 
AY291451) (14), respectively, with Cellfectin Reagent (Invitrogen) according to 
the manufacturer’s instructions. Recombinant baculoviruses expressing M pro- 
tein were generated by cotransfecting BacVector virus DNA with plasmid pBac- 
1-M encoding the C-terminal V5- and His-tagged full-length SARS-CoV M 
protein via the BacVector Transfection System (Novagen). The culture medium 
was collected at 3 days posttransfection and subjected to plaque assay for deter- 
mining the titers of the recombinant baculoviruses. 

Production and purification of SARS-CoV VLPs. SARS-CoV VLPs were gen- 
erated by coinfecting Sf9 cells with recombinant baculoviruses expressing the 
viral structural proteins S, E, and M. Successful production of SARS-CoV VLPs 
in Sf9 cells was confirmed by electron microscopy (Fig. 1A). SARS-CoV VLPs 
secreted into the culture medium were harvested and purified by sucrose gradi- 
ent centrifugation as described previously (40). Characteristics of the purified 
SARS-CoV VLP were examined by atomic force microscopy (AFM) (Fig. 1B), as 
described previously (29), and by Western blot analysis (Fig. 1C). In addition, 
SARS-CoV VLPs composed of the viral structural proteins E and M but not the 
spike protein [SARS-CoV(EM)] were produced by coinfecting Sf9 cells with 
recombinant baculoviruses expressing the E protein and baculoviruses expressing 
the M protein (Fig. 1D). The SARS-CoV(EM) VLP was used as a negative 
control in this study. 

Purification of SARS-CoV spike protein. Purification of the C-terminal V5- 
and His-tagged full-length SARS-CoV spike protein was carried out from the 
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culture medium of Sf9 cells infected with the recombinant baculovirus encoding 
the viral spike protein at 4 days postinfection by using an Ni?* Sepharose 
purification system, as described by the manufacturer (GE Healthcare). Fraction 
4, which contains the majority of the spike protein as detected by Western blot 
analysis (Fig. 1E), was collected and used in this study. 

RNA isolation and reverse transcription (RT)-quantitative real-time PCR. 
Total RNA was isolated from culture cells by acid guanidinium thiocyanate- 
phenol-chloroform extraction as described previously (7) or isolated by TRIzol 
reagent (Invitrogen) extraction. 

To detect the expression of CCL2 mRNA in cultured cells, a two-step quan- 
titative reverse transcription-PCR was applied. In the first step, 5 wg of the total 
RNA was reverse transcribed with avian myeloblastosis virus reverse transcrip- 
tase (Roche Applied Science) in the presence of oligo(dT) primer. The products 
were then subjected to real-time PCR amplification with the CCL2-specific 
primer set, CCL2F and CCL2R (see Table S1 at http://homepage.ntu.edu.tw 
/~£90442001) and iQ SYBR green Supermix (Bio-Rad). Glyceraldehyde-3-phos- 
phate dehydrogenase (GAPDH) mRNA was quantified in parallel as an internal 
control. Quantification was performed with an iCycler iQ real-time PCR detec- 
tion system (Bio-Rad). 

RNA amplification and microarray analysis. For microarray analysis, A549 
cells incubated with approximately 5 x 10° SARS-CoV VLPs were subjected to 
RNA isolation by using a PicoPure RNA Isolation Kit and amplification by using 
a RiboAmp RNA amplification kit (Arcturus), as described previously (43). 
Gene expression profiles were analyzed with an Affymetrix high-density oligo- 
nucleotide microarray (Human Genome U133 Plus 2.0 Array) using the Af- 
fymetrix microarray system protocol as described by the manufacturer. Gene- 
Chip operating software (GCOS) and robust multichip average (RMA) statistics 
were applied for data analysis. 

DNA transfection and luciferase reporter assay. The promoter activity of 
CCL2 was examined by luciferase reporter assay following a cotransfection of 
A549 cells with the firefly luciferase reporter plasmid pGLM-PRM (or its mu- 
tated forms) and the Renilla luciferase-expressing control plasmid phRL-TK 
(Promega). To examine the effect of SARS-CoV on the promoter activity of 
CCL2, a further incubation with the SARS-CoV VLP was performed at 48 h 
posttransfection. Transfection of the reporter plasmid was performed with Li- 
pofectamine 2000 reagent (Invitrogen) as described by the manufacturer. The 
cells were lysed with radioimmunoprecipitation assay (RIPA) buffer (50 mM 
Tris-HCl, 1% NP-40, 0.05% sodium deoxycholate, 150 mM NaCl, and 1 mM 
EDTA), supplemented with protease inhibitor cocktail (Roche) and phenyl- 
methylsulfonyl fluoride (PMSF), and subjected to the analysis of firefly luciferase 
activity and Renilla luciferase activity according to the manufacturer’s protocol 
(Dual-Glo Luciferase Assay System; Promega). The firefly luciferase activity was 
normalized against the control Renilla luciferase activity. 

Western blot analysis, immunoprecipitation, and enzyme-linked immunosor- 
bent assay (ELISA). For detection of proteins expressed in cultured cells, cells 
were lysed in RIPA buffer supplemented with phosphatase inhibitor (1 mM NaF 
and 1 mM NaVOs), protease inhibitor cocktail, and PMSF. The protein lysates 
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, 
Western blot analysis (3), and immunoprecipitation (26), as described previously. 
For quantification of CCL2 protein, the culture medium was subjected to anal- 
ysis with an MCP1/CCL2 ELISA kit (Biosource) following the procedures de- 
scribed by the manufacturer. 

Antibodies and kinase inhibitors. Antibodies specific to phospho-ERK1/2, 
ERK1/2, phospho-Ser/Thr (MPM-2), and phosphotyrosine (clone 4G10) were 
purchased from Upstate. Antibodies to phospho-Jun N-terminal protein kinase 
(JNK), JNK, phospho-p38, p38, and IxBa were purchased from Cell Signaling. 
Antibody to ACE2 was purchased from R&D Systems, and antibody specific to 
tubulin was purchased from Sigma. Antibodies to c-Fos and the His epitope were 
purchased from Santa Cruz, and antibody to c-Jun was purchased from Calbio- 
chem. Antibody to the V5 epitope was purchased from Invitrogen. MEK inhib- 
itor PD98059 and Raf inhibitor GW5074 were purchased from Tocris. JNK 
inhibitor SP600125, p38 inhibitor $B203580, and Ras inhibitor manumycin A 
were purchased from Calbiochem. The casein kinase II inhibitor 5,6-dichloro- 
benzimidazole ribose (DRB) was purchased from Sigma. 


RESULTS 


Upregulation of CCL2 in SARS-CoV VLP-pretreated A549 
and Vero E6 cells. Previous studies have demonstrated the 
presence of SARS-CoV RNAs and antigens in the type II 
pneumocytes of SARS patients (21, 39). To mimic SARS-CoV 
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FIG. 1. Purification of SARS-CoV VLPs and the viral spike pro- 
tein. The production of SARS-CoV VLPs in Sf9 cells was analyzed by 
electron microscopy (A) and AFM (B; the height image in liquid is 
shown). Western blot analysis was performed for identification of the 
SARS-CoV VLPs (C) and SARS-CoV(EM) VLPs (D) following 
purification by sucrose gradient centrifugation and for identification 
of the viral spike protein following Ni?* Sepharose purification (E). 
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infection, SARS-CoV VLPs were generated and incubated 
with human type II pneumocyte (A549) cells. Total RNA was 
isolated from the A549 cells 24 h after incubation with SARS- 
CoV VLPs and subjected to microarray analysis. Gene expres- 
sion profiles were analyzed by GCOS and RMA statistics 
analysis. This revealed upregulation of 124 genes and down- 
regulation of 128 genes by more than 2-fold in A549 cells 
treated with SARS-CoV VLPs at VLP-to-cell ratios of 10:1 
and 100:1 compared to genes expressed in control cells. (For 
well-established genes, see Table S2 at http://homepage.ntu 
.edu.tw/~£90442001.) The differentially expressed genes are 
involved in humoral immune responses, apoptosis, cell cycle, 
and transcriptional regulation. Among those involved in hu- 
moral immune responses, CCL2 had mRNA levels elevated by 
nearly 3-fold whether the cells were treated at a VLP-to-cell 
ratio of 10:1 or 100:1. The upregulation of CCL2 mRNA was 
confirmed by RT-quantitative real-time PCR in A549 and 
Vero E6 cells pretreated with SARS-CoV VLPs (Fig. 2A). In 
addition, the upregulation is likely to be mediated by the viral 
spike protein. Preincubation of both A549 and Vero E6 cells 
with purified SARS-CoV spike protein upregulated the levels 
of CCL2 mRNA, consistent with the results in cells pretreated 
with the SARS-CoV VLPs consisting of the viral S, M, and E 
proteins. In contrast, there was no significant difference in 
expression levels of CCL2 between control cells and cells pre- 
treated with SARS-CoV(EM) VLPs that lack the viral spike 
protein (Fig. 2A). Furthermore, upregulation of CCL2 mRNA 
was detected in A549 cells 4 h after the addition of the SARS- 
CoV VLPs or purified spike protein, and the elevated CCL2 
mRNA level lasted for at least 20 h (Fig. 2B). When an ELISA 
was performed, upregulation of CCL2 protein was detected in 
culture media of both the SARS-CoV VLP-treated and the 
spike protein-pretreated A549 cells (Fig. 2C). This upregula- 
tion is consistent with the pulmonary fibrosis-associated CCL2 
elevation detected in the sera of SARS patients (16) and in the 
SARS-CoV-infected A549 cells (44). Taken together, these 
results indicate an important role of CCL2 in the pathogenesis 
of SARS-CoV. Cellular signaling pathways involved in the 
SARS-CoV spike protein-induced CCL2 upregulation were 
further examined. 

Transcriptional regulation of CCL2 in A549 cells pretreated 
with SARS-CoV VLPs or with the viral spike protein. To un- 
derstand the mechanisms by which CCL2 is upregulated in 
SARS patients, we first examined whether SARS-CoV infec- 
tion was directly involved in the transcriptional regulation of 
CCL2. 

The CCL2 promoter has distal and proximal regulatory re- 
gions. In addition to two distal NF-«B binding sites, there are 
one NF-«B binding site, two AP-1 binding sites, and one Spl 
binding site in the proximal regulatory region (33). The Sp1 
binding site is critical for the basal transcriptional activity of 
CCL2. The proximal NF-«B and AP-1 binding sites are essen- 
tial for the transcriptional activities of the CCL2 promoter 


Antibodies against the His and VS tags of the recombinant viral pro- 
teins were used in Western blot analysis. Fractions 6 in panel C, 7 in 
panel D, and 4 in panel E were used in this study. 


7106 CHEN ET AL. 


> 


OContro! 
GSpike 
Hvip 
E-]VLP(EM) 


CCL2 mRNA 
(Fold of Induction) 


A549 Vero E6 


B S ~~ Control 
5 -#- Spike 
—*— VLP 


CCL2 mRNA 
(Fold of Induction) 


0 
0 2 4 6 8 10 12 14 16 18 20 22 24 
Time (hr) 
Cc 7000 5 ** 
a. | 
6000 } ee 
-———1 
5000 4 
£ 
B 4000 4 
= 
N 3000 } 
3 
2000 4 
1000 + 
0 
Control Spike VLP 


FIG. 2. The elevation of CCL2 expression in SARS-CoV VLP- 
treated and SARS-CoV spike protein-treated A549 and Vero E6 cells. 
RNA was isolated from A549 cells at 24 h (A) or at indicated time 
points (B) after the treatment of purified SARS-CoV VLPs or SARS- 
CoV(EM) VLPs at a VLP-to-cell ratio of 10:1 or of the viral spike 
protein (1 pg/10° cells) as indicated. The level of CCL2 mRNA was 
determined by quantitative real-time PCR. In panel A, the CCL2 
mRNA in Vero E6 cells was analyzed as a comparison. In addition, 
culture medium of the A549 cells was collected at 24 h after the 
treatment and subjected to ELISA to determine the level of secreted 
CCL2 (C). Cells without any of the treatments were analyzed in par- 
allel as the controls. The results shown represent the means plus 
standard deviations (error bars) from four independent experiments. 
week, P< 0.001; **, P < 0.01 (for comparisons between the treated and 
untreated control cells). 


induced in response to cytokine and tetradecanoyl phorbol 
acetate (TPA), respectively (28, 33). 

To identify cis elements involved in the SARS-CoV-induced 
upregulation of CCL2, A549 cells were transfected with lucif- 
erase reporter plasmid pGLM-PRM which contains the wild- 
type proximal regulatory region of the human CCL2 promoter 
from —107 to +60 (Fig. 3A) and then incubated with SARS- 
CoV VLPs. Results from the luciferase assay demonstrated 
induction of CCL2 promoter activity by more than 2-fold com- 
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FIG. 3. The involvement of AP-1 in the SARS-CoV VLP-induced 
upregulation of CCL2. (A) Illustration of the luciferase reporter plas- 
mids containing the proximal regulatory region of the human CCL2 
gene. pGLM-PRM-mT1T2 and pGLM-PRM-mkB plasmids that con- 
tain mutated (m) AP-1 and NF-«B binding sites are indicated. (B) Lu- 
ciferase reporter assay. A549 cells were incubated for 24 h with SARS- 
CoV VLPs at 2 days posttransfection of the luciferase reporter 
plasmids, as indicated. Cell lysates were harvested and subjected to a 
luciferase reporter assay. The results shown represent the means plus 
standard deviations (error bars) from four independent experiments. 


pared with expression in control cells without incubation with 
SARS-CoV VLPs (Fig. 3B). Interestingly, the induction of 
CCL2 promoter activity by SARS-CoV VLPs was abolished 
when transfection was performed with plasmid pGLM-PRM- 
mT1T2 in which both AP-1 binding sites in the proximal reg- 
ulatory region have been mutated. Furthermore, the CCL2 
promoter with a mutated NF-«B binding site retained the 
ability to be induced by SARS-CoV VLPs. On the other hand, 
when A549 cells were transfected with the reporter plasmid 
pNFxB-Luc that carries repeated NF-«B binding sites in the 
promoter, no difference in the luciferase activity was detected 
whether the cells were treated with SARS-CoV VLPs or not. 
Western blot analysis further demonstrated SARS-CoV VLP- 
induced upregulation of both c-Fos and c-Jun, which constitute 
AP-1 (Fig. 4). These results support the role of AP-1 in trans- 
activating the CCL2 promoter upon SARS-CoV infection. 
MAPK pathway is involved in the AP-1-mediated, SARS- 
CoV VLP-induced upregulation of CCL2 expression. The tran- 
scriptional activity of AP-1 can be regulated by mitogen-acti- 
vated protein kinases (MAPKs) (17). To further examine the 
mechanism involved in the AP-1-mediated, SARS-CoV VLP- 
induced upregulation of CCL2, A549 cells pretreated with 
SARS-CoV VLPs or the viral spike protein were analyzed for 
the activity of MAPKs. As shown in Fig. SA, ERK1/2 was 
highly phosphorylated in A549 cells at 15 min postincubation 
with SARS-CoV VLPs. On the other hand, JNK was activated 
to a lesser extent, and no significant difference was detected in 
the phosphorylation status of p38 with or without incubation 
with the SARS-CoV VLPs. Similar results were observed in 
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FIG. 4. The increased expression of c-Fos and c-Jun in SARS-CoV 
VLP-treated A549 cells. Cell lysates prepared from A549 cells at 
various time points after treatment of SARS-CoV VLPs were sub- 
jected to Western blot analysis with antibodies against c-Fos, c-Jun, 
and tubulin as indicated. Samples indicated as 0 min represent controls 
in which cells were washed with fresh medium right after treatment 
with the SARS-CoV VLPs. Relative intensity (RI) shown was calcu- 
lated by normalization of the intensities from the controls. 


A549 cells pretreated with the viral spike protein (Fig. 5B). In 
addition, phosphorylation of ERK1/2 and JNK, but not p38, 
was elevated in Vero E6 cells at 15 min postincubation with 
SARS-CoV VLPs (Fig. 6). These data strongly support the role 
of specific MAPKs in the SARS-CoV-induced upregulation of 
the CCL2 signaling pathway. 

The roles of ERK and JNK in SARS-CoV-induced upregu- 
lation of CCL2 were confirmed by MAPK inhibitors. Pretreat- 
ment of A549 cells with the MAPK inhibitors PD98059 and 
SP600125 abolished, respectively, the phosphorylation of 
ERK1/2 and JNK induced by SARS-CoV VLPs and spike 
protein (Fig. 7). In addition, neither SARS-CoV VLPs nor the 
viral spike protein had a significant effect on IkB degradation 
(Fig. 8). Specific MAPKs that confer the SARS-CoV-induced 
upregulation of CCL2 were further examined by reporter assay 
following a transfection of A549 cells with luciferase reporter 
plasmids and pretreatment of MAPK inhibitors prior to the 
incubation with SARS-CoV VLPs. The results demonstrated 
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that MEK inhibitor PD98059 completely abolished the VLP- 
induced CCL2 promoter activity, but the JNK inhibitor had 
only a slight effect (Fig. 9), indicating that SARS-CoV upregu- 
lates expression of CCL2 mainly via the ERK1/2—AP-1 signal- 
ing pathway. 

The Ras-Raf-MEK-ERK signaling cascade mediates signal 
transduction from cell surface to nucleus and regulates specific 
gene expression in response to extracellular stimuli. This sig- 
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FIG. 5. The role of MAPK pathway in the SARS-CoV-induced upregulation of CCL2 in A549 cells. A549 cells were treated with SARS-CoV 
VLPs (A) or with the viral spike protein (B) for various time periods. Cell lysates were then prepared and subjected to Western blot analysis with 
antibodies against phospho-ERK1/2 (p-ERK), ERK1/2 (ERK), phospho-JNK (p-JNK), JNK, phospho-p38 (p-p38), and p38 as indicated. Samples 
indicated as 0 min represent controls in which cells were washed with fresh medium right after treatment with the SARS-CoV VLPs or the viral 
spike protein as indicated. Relative phosphorylated levels of ERK, JNK, and p38 are shown. 
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FIG. 7. The effects of ERK and JNK inhibitors on SARS-CoV- 
induced activation of MAPK. A549 cells were pretreated with MEK 
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SP) for 1 h before incubation with SARS-CoV VLPs (A) or with the 
viral spike protein (B) for 2 h. Cell lysates were prepared and subjected 
to Western blot analysis with antibodies against phospho-ERK1/2 (p- 
ERK), ERK1/2 (ERK), phospho-JNK (p-JNK), and JNK as indicated. 


RI 1.0 


naling cascade plays a part in biological processes including 
cell growth, apoptosis, and cell cycle progression (2, 22). To 
identify the key player that activates ERK1/2 and mediates the 
SARS-CoV VLP-induced CCL2 expression, A549 cells were 
treated with Ras or Raf inhibitor prior to incubation with 
SARS-CoV VLPs. Western blot analysis demonstrated that 
both the Ras inhibitor manumycin A and the Raf inhibitor 
GW5074 diminished the phosphorylation of ERK1/2 induced 
by SARS-CoV VLPs (Fig. 10A) or the viral spike protein (Fig. 
10B). Correspondingly, the SARS-CoV-induced upregulation 
of CCL2 mRNA was diminished when A549 cells were pre- 
treated with MEK, Ras, or Raf inhibitor (Fig. 10C), but JNK 
and p38 inhibitors had no obvious effect on SARS-CoV-in- 
duced upregulation of CCL2. These results suggest that Ras 
and Raf are the key players involved in the SARS-CoV-in- 
duced activation of ERK1/2 and the upregulation of CCL2. 
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FIG. 8. IkB-NF-«B signaling pathway is not involved in SARS- 
CoV-induced CCL2 expression. A549 cells were treated with SARS- 
CoV VLPs (A) or with the viral spike protein (B) for various time 
periods as indicated. Cell lysates were prepared and subjected to West- 
ern blot analysis with specific antibodies against IkBa and tubulin as 
indicated. Samples marked time zero represent controls as described 
in the legend to Fig. 5. 
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FIG. 9. ERK1/2 regulate the promoter activity of CCL2 induced by 
SARS-CoV VLPs. At 2 days posttransfection of A549 cells with pGLM- 
PRM plasmid, the cells were treated with the inhibitor PD98059 (PD) or 
SP600125 (SP) for 1 h prior to a further incubation with SARS-CoV VLPs 
for 24 h. A luciferase reporter assay was performed. The results shown 
represent the means plus standard deviations (error bars) from four in- 
dependent experiments. DMSO, dimethyl sulfoxide. 


Role of ACE2 involved in SARS-CoV VLP- and spike pro- 
tein-induced CCL2 upregulation. ACE2 has been identified as 
the major receptor for SARS-CoV (27). Here, we examined 
the role of ACE2 involved in the SARS-CoV-induced upregu- 
lation of CCL2 with anti-ACE2-specific antibodies. As shown 
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FIG. 10. The effects of Ras and Raf inhibitors on the SARS-CoV- 
induced activation of ERK. A549 cells were pretreated with the Ras 
inhibitor manumycin A (MA; 3 1M), or Raf inhibitor GW5074 (GW; 
1 ~M) for 30 min prior to incubation with SARS-CoV VLPs (A) or 
with the viral spike protein (B) for 2 h. Cell lysates were prepared and 
subjected to Western blot analysis with antibodies against phospho- 
ERK1/2 (p-ERK) and ERK1/2 (ERK) as indicated. In addition, total 
RNA was isolated from A549 cells that had been treated with MAPK 
cascade inhibitors: MA and GW for 30 min and PD, SP, and p38 
inhibitor SB203580 (SB) for 1 h, prior to the 6-h incubation with 
SARS-CoV VLPs or the viral spike protein. The level of CCL2 mRNA 
was determined by quantitative real-time PCR (C). The results shown 
represent the means plus standard deviations (error bars) from three 
independent experiments. 
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FIG. 11. ACE2 is involved in the SARS-CoV-induced activation of 
ERK and upregulation of CCL2. (A) SARS-CoV spike protein up- 
regulates the expression of CCL2 via the ACE2 signaling pathway. 
A549 cells were pretreated with anti-ACE2 antibody (Ab) or control 
IgG for 20 min prior to the incubation with SARS-CoV VLPs or the 
viral spike protein for 24 h. Total RNA was isolated for determination 
of the level of CCL2 mRNA by quantitative real-time PCR. The results 
shown represent the means plus standard deviations (error bars) from 
three independent experiments. (B) SARS-CoV spike protein acti- 
vates ERK via the ACE2 signaling pathway. A549 cells were pre- 
treated with anti-ACE2 antibody for 20 min prior to incubation with 
SARS-CoV VLPs or the viral spike protein for 2 h. Cell lysates were 
prepared and subjected to Western blot analysis with antibodies 
against phospho-ERK1/2 (p-ERK) and ERK1/2 (ERK) as indicated. 


in Fig. 11A, upregulation of CCL2 mRNA was blocked in 
A549 cells pretreated with anti-ACE2 antibodies but not with 
the control IgG. The anti-ACE2 antibodies also diminished the 
SARS-CoV VLP- and spike protein-induced phosphorylation 
of ERK1/2 (Fig. 11B). Taken together, these results suggest 
that an interaction between SARS-CoV spike protein and the 
ACE2 receptor mediates the phosphorylation of ERK1/2 and 
results in the upregulation of CCL2 expression. 

ACE2 is a homologue of ACE (38) and is known to be a type 
I transmembrane protein that plays an important role in the 
renin-angiotensin system (23). Sequence analysis revealed a 
potential tyrosine kinase phosphorylation site in ACE2 from 
amino acid residues 775 to 781 and a casein kinase IT phos- 
phorylation site from amino acid residues 787 to 790 (Fig. 
12A), but the physiological significance of ACE2 phosphory- 
lation remains unclear. Previous studies demonstrated that, in 
the presence of small interfering RNA (siRNA) targeted to 
ACE2, multiplication of SARS-CoV in the permissive Vero E6 
cells was abolished (30). In this study, Vero E6 cells pre- 
treated with SARS-CoV VLPs were subjected to immuno- 
precipitation with anti-phospho-Ser/Thr antibodies and im- 
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FIG. 12. Phosphorylation of ACE2 in SARS-CoV VLP-treated 
Vero E6 cells. (A) The domain structure of ACE2. ACE2 is a type I 
integral membrane protein with a signal peptide (amino acid residues 
1 to 17), an ectodomain (amino acid residues 18 to 740), a transmem- 
brane domain (amino acid residues 741 to 763), and a cytoplasmic 
domain (amino acid residues 764 to 805). Potential phosphorylation 
sites for tyrosine kinase (TK; amino acid residues 775 to 781) and 
casein kinase II (CK II; amino acid residues 787 to 790) in the cyto- 
plasmic domain are indicated. (B) Phosphorylated form of ACE2 in 
the SARS-CoV-permissive Vero E6 cells. Vero E6 cells were pre- 
treated with the casein kinase II inhibitor DRB (100 M) for 1 h prior 
to incubation with SARS-CoV VLPs for various times, as indicated. 
Cell lysates were prepared and subjected to immunoprecipitation (IP) 
with anti-phospho-Ser/Thr antibodies, followed by Western blot (WB) 
analysis with anti-ACE2 antibodies. Cell lysates without the process of 
immunoprecipitation (10% of input) were analyzed in parallel as load- 
ing controls. Lane C represents protein lysate prepared from untreated 
Vero E6 cells as an ACE2 positive control. 


munodetected with specific anti-ACE2 antibodies. As shown 
in Fig. 12B, the phosphorylated form of ACE2 was dramat- 
ically increased with the treatment of SARS-CoV VLPs. 
However, in the presence of the casein kinase II inhibitor 
DRB (37), the VLP-induced ACE2 phosphorylation was 
significantly reduced. These results indicate that the SARS- 
CoV VLP induces the casein kinase II-mediated phosphory- 
lation of SARS-CoV receptor ACE2 at Ser-787. 

The role of casein kinase II in the ACE2 signaling pathway 
induced by SARS-CoV was further examined by pretreating 
A549 cells with the casein kinase II inhibitor DRB before 
incubation with SARS-CoV VLPs or the viral spike protein. As 
shown in Fig. 13, DRB blocked the upregulation of CCL2 
(panel A) and inhibited the phosphorylation of ERK1/2 in- 
duced by SARS-CoV VLPs or by the viral spike protein (panel 
B). These results suggest that casein kinase I-mediated phos- 
phorylation of ACE2 at Ser-787 is critical for the activation of 
ERK1/2 and upregulation of CCL2 mediated by the SARS- 
CoV VLPs. 


DISCUSSION 


In this study, we have demonstrated the upregulation of 
CCL2 in both SARS-CoV VLP-treated and the viral spike 
protein-treated human pneumocyte (A549) cells and monkey 
kidney (Vero E6) cells. These results are consistent with the 
observation that an elevated CCL2 level was detected in the 
sera of SARS patients (16) and in the SARS-CoV-infected 
A549 cells (44). The AP-1 cis elements, but not the NF-KB 
binding site, are involved in the regulation of CCL2 expression. 
SARS-CoV VLPs induced ERK1/2 activation mediated by the 
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FIG. 13. Critical role of casein kinase II in the SARS-CoV-induced 
ERK activation and upregulation of CCL2 in A549 cells. A549 cells 
were pretreated with the casein kinase II inhibitor DRB for 1 h. 
Following a 6-h incubation of the DRB-treated cells with SARS-CoV 
VLPs or the viral spike protein, total RNA was isolated to determine 
the level of CCL2 mRNA by quantitative real-time PCR (A). The 
results shown represent the means plus standard deviations (error 
bars) from four independent experiments. Meanwhile, cell lysates were 
prepared from the DRB-treated cells following a 2-h incubation with 
SARS-CoV VLPs or the viral spike protein and subjected to Western 
blot analysis with antibodies against phospho-ERK1/2 (p-ERK) and 
ERK1/2 (ERK) as indicated (B). 


Ras, Raf, and MEK cascade through interacting with the 
SARS-CoV receptor ACE2. ACE2 could be activated by ca- 
sein kinase II when cells were incubated with SARS-CoV 
VLPs. These data reveal a novel ACE2 signaling pathway with 
physiological and pathological significance. 

AP-1, NF-«B, and Sp1, which interact with the cis elements 
on the proximal regulatory region of CCL2 promoter, have 
been predicted to be responsible for the regulation of CCL2 
expression. But AP-1 was suggested to be the major transcrip- 
tion activator of CCL2 (6, 42). In this study, we have demon- 
strated that AP-1 is involved in SARS-CoV-induced CCL2 
upregulation. SARS-CoV VLPs increased the transcriptional 
activity of AP-1 via upregulation of c-Fos and c-Jun. Previous 
studies indicated that the expression and activity of c-Fos and 
c-Jun are regulated by the MAPK family in response to envi- 
ronmental stimuli. Phosphorylation of c-Fos at Thr-232, -325, 
and -331 and Ser-374 and of c-Jun at Ser-63 and -73 increases 
the transcriptional activity of c-Fos and c-Jun (32, 34). In 
addition, ERK1/2 involves in the upregulation of c-Fos via 
transactivation of the ternary complex factor (TCF) (17). Here, 
we have demonstrated the activation of AP-1 and ERK1/2 by 
SARS-CoV VLPs and by the viral spike protein. Phosphory- 
lated sites of c-Fos and c-Jun critical for the SARS-CoV- 
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FIG. 14. A current model of the ACE2 signaling pathway involved 
in SARS-CoV-induced CCL2 expression. Infection of lung epithelial 
cells with SARS-CoV induces casein kinase I (CK II)-mediated phos- 
phorylation of the ACE2 receptor, leading to the activation of ERK1/2 
and AP-1 and the upregulation of CCL2. Ras, Raf, and MEK may 
contribute to the SARS-CoV-induced ERK1/2 activation and CCL2 
upregulation. The elevated level of CCL2 protein detected in the sera 
of SARS-CoV-infected patients may account for the development of 
lung fibrosis. 


mediated upregulation of CCL2 need to be determined. Inter- 
estingly, previous studies also demonstrated the involvement of 
SARS-CoV nucleocapsid protein in the activation of the AP-1 
signaling pathway (13). These data indicate that the viral spike 
and nucleocapsid proteins may coordinately regulate the ex- 
pression of CCL2 and that its upregulation by the viral proteins 
results in severe lung inflammatory disorders in SARS pa- 
tients. 

ACE2 is a homologue of ACE but plays an opposite role to 
ACE in the renin-angiotensin system (23). ACE converts an- 
giotensin I (Ang I) to Ang II and induces vasoconstriction, 
whereas ACE2 cleaves Ang II to Ang-(1-7) and induces vaso- 
dilation and apoptosis. Amino acid sequence analysis revealed 
potential phosphorylation sites for protein kinase C (PKC), 
protein kinase A, and casein kinase II in the short cytoplasmic 
domain of ACE, but only a casein kinase II-mediated phos- 
phorylation at Ser-1270 was evident (19). The phosphorylation 
triggers retention of ACE on the plasma membrane. On the 
other hand, earlier studies have demonstrated that tumor ne- 
crosis factor alpha convertase (ADAM17, or TACE) can me- 
diate ACE2 shedding. In addition, SARS-CoV spike protein 
can induce ACE2 shedding in the presence of the convertase 
activity of ADAM17 (11, 24). In this study, we have identified 
a SARS-CoV-induced, casein kinase II-mediated phosphory- 
lation of ACE2 at Ser-787. Whether the phosphorylation of 
ACE2 initiates shedding and thus decreases the level of ACE2 
needs to be further elucidated. 

ACE is not just a C-terminal peptidyl dipeptidase in the 
renin-angiotensin system; it can also initiate outside-in signal- 
ing. ACE interacts with JNK and MKK7 (18). Phosphorylation 
of ACE at Ser-1270 activated JNK and phosphorylated c-Jun. 
The present study has demonstrated that SARS-CoV could 
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induce CCL2 upregulation through the activation of ERK1/2 
and AP-1. In addition, phosphorylation of ACE2 by casein 
kinase IT is involved in ERK1/2 activation. A possible mecha- 
nism by which SARS-CoV induces CCL2 expression was pro- 
posed (Fig. 14). Casein kinase II phosphorylates ACE2 at 
Ser-787 upon binding of SARS-CoV to its ACE2 receptor. The 
binding causes a conformational change of ACE2 and activates 
the ACE2 downstream signal transduction pathways with 
which ERK1/2 and AP-1 are involved. ACE2 may be involved 
in an intracellular signaling pathway to activate ERK1/2 via 
interacting with upstream factors such as Ras, phosphatidyl- 
inositol 3-kinase (PI3K), and PKC. Detailed mechanisms 
would need further investigation. 

The current study is the first report demonstrating a poten- 
tial role of the phosphorylated form of ACE2 as a signal 
transducer on the plasma membrane. Our findings also suggest 
a possible mechanism of SARS-CoV-induced lung fibrosis via 
ACE2-mediated intracellular signal transduction. These re- 
sults may provide new targets for drug development against 
SARS-CoV infection. 
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